Amaç: Bu çalışmada, on-pump koroner arter baypas greftleme yapılan hastalarda tiyol-disülfid homeostazının etkileri araştırıldı.
Oxidative stress occurs during on-pump coronary artery bypass grafting (CABG). High levels of molecular oxygen enter the body during cardiopulmonary bypass (CPB) and reperfusion, followed by inflammation leading to the formation of free oxygen radicals which causes lipid peroxidation, ultimately resulting in an oxidative attack at the cell and tissue level. [1] Existing inflammatory and systemic oxidative stress responses caused by total CPB may cause endothelial damage in many systemic organs which contributes to morbidity and mortality. [2] The imbalance between reactive oxygen species (ROS) production and cellular antioxidant defense system is named as oxidative stress. In the human body, ROS are produced by the aerobic metabolism and a balance between production and inactivation is required. Oxidative stress occurs in case of excess production of ROS, and this may be responsible for many pathological processes and has an impact on the aging process of the body. [3] In stress conditions, ROS levels increase and participate in a variety of chemical reactions, due to their high reactivity. They are involved in cell damage, necrosis, and apoptosis via oxidation of lipids, proteins, and deoxyribonucleic acid (DNA) and also provoke endothelial dysfunction, infiltration, and activation of inflammatory cells. [4] Thiols are a class of organic compounds which contain a sulfhydryl group (-SH) composed of a sulphur atom and a hydrogen atom attached to a carbon atom. Plasma thiol pool is mainly composed of albumin thiols and protein thiols, and to a small degree, low-molecular-weight thiols such as cysteine, cysteinylglycine, glutathione, homocysteine, and g-glutamylcysteine. [5] The thiol group of these molecules tends to undergo a wide array of completely reversible or irreversible oxidations and modifications. Under conditions of oxidative stress, thiols can undergo oxidation reaction via oxidants and form disulfide bonds. This disulfide bonds can be reduced again to thiol groups and this alteration maintains the dynamic thiol-disulfide homeostasis. [6] Thiol group containing protein S-glutathionylation emerges as a critical signaling mechanism in cardiovascular diseases, as it regulates numerous physiological processes related with cardiovascular homeostasis, such as myocyte contraction, oxidative phosphorylation, protein synthesis, vasodilatation, glycolytic metabolism, and response to insulin. [4] The role of dynamic thioldisulfide homeostasis has been increasingly shown in many diseases. There is a growing number of evidences that an abnormal thiol-disulfide homeostasis may play role in the pathogenesis of a variety of diseases such as cardiovascular disease, malignancies, rheumatoid arthritis, chronic kidney disease, and acquired immunodeficiency syndrome. [7] Although there are several studies on thiol-disulfide homeostasis, there is no study regarding the relationship between CABG and thiol-disulfide homeostasis in the literature. In the present study, therefore, we aimed to investigate dynamic thiol-disulfide homeostasis in patients undergoing on-pump CABG. (AF) such as chronic obstructive pulmonary disease (COPD) and valvular heart diseases; those with preoperative cerebrovascular disease, preoperative AF or flutter, additional surgical intervention, peripheral arterial disease, renal insufficiency, preoperative inotropic or mechanical support, and redo surgery or emergency coronary surgery were excluded from the study. A written informed consent was obtained from each patient. The study protocol was approved by the Ethics Committee of Uludag University (2017-19/42). The study was conducted in accordance with the principles of the Declaration of Helsinki.
PATIENTS AND METHODS
Medical history of the patients revealed no chronic diseases which might cause alterations in the oxidative stress parameters. Data including age, gender, history of hypertension, diabetes mellitus, ejection fraction, body surface area, aortic cross-clamp (X-clamp) time, total CPB time, number of anastomosis, inotropic support requirement within the first 24 h after surgery, intra-aortic balloon pump (IABP) requirement, and development of postoperative AF (PoAF) were recorded.
Anesthesia and surgical procedure
All patients were monitorized and a radial artery catheter was inserted following the administration of intravenous midazolam (Zolamid ® ; Defarma, Tekirdag, Turkey) (0.05-0.1 mg/kg). Fentanyl (Talinat ® ; Vem, Istanbul, Turkey) 1-2 μg/kg and pentothal (Pental ® Sodium, Istanbul, Turkey) 5-7 mg/kg and intravenous rocuronium bromide (Curon ® , Mustafa Nevzat, Istanbul, Turkey) 0.6 mg/kg were used for anesthesia induction.
For intraoperative mechanical ventilation, Primus ® (Draeger Medical, Lübeck, Germany) anesthetic machine was used. Maintenance of anesthesia was achieved with midazolam, fentanyl, and rocuronium.
Standard CPB was performed with median sternotomy and mild hypothermia (32°C). Heparin (300 IU/kg) was administered and activated coagulation time was increased above 400 sec. The CPB was performed with two-stage aortovenous cannulation. Also, for thiol measurement, retrograde path through the coronary sinus was inserted. A X-clamp was placed to the ascending aorta and cardiac arrest was provided with cold antegrade cardioplegia (10 to 15 mL/kg) with high potassium. Cardiac arrest was maintained with blood cardioplegia which was given in every 15 to 20 min. The CPB was established with a roller pump with a membrane oxygenator (Maquet, Getinge group, Restalt, Germany) and an arterial line filter at pump flow rates of 2 to 2.4 L/min/m 2 . The distal anastomoses were constructed during a single period of total X-clamp, and proximal anastomoses were established with partial clamping of the aorta. Hot blood shot cardioplegia was given immediately before the X-clamp was removed. Heparin was neutralized by protamine sulfate. In case of any need for inotropic support, dopamine was the first choice. Following the completion of surgery, the patients were taken to the cardiovascular surgery intensive care unit. Standard postoperative care was given to all the patients. Extubation was performed at the earliest stage possible following the provision of hemodynamic stability. Amiodarone was used as the first-choice antiarrhythmic agent in case of a new-onset of AF.
Blood sampling and biochemical analyses
Laboratory parameters were studied from venous blood samples preoperatively, except for thiol-disulfide homeostasis parameters. Fasting blood samples were taken from an antecubital vein of each patient before operation. The ethylenediaminetetraacetic acid (EDTA) tubes were used for automatic blood count according to the protocol of our hospital. These parameters were measured using an automated hematological analyzer (Coulter LH 780 Analyzer, CA, USA).
For thiol-disulfide homeostasis parameters, serial blood samples were drawn from the coronary sinus before CPB (T1), 30 min after removal of the X-clamp (T2) and were drawn from the central venous catheter in the postoperative sixth h (T3). The coronary sinus is a small tubular structure anatomically just above the posterior left atrioventricular junction. Following contraction of the myocardium, blood drains into the right atrium via the coronary sinus. Therefore, we preferred coronary sinus blood in sampling, as it includes information related to cardiac metabolism and physical condition. Blood samples were centrifuged at 3,600 rpm for 10 min and serum plasma samples were removed and stored at -80°C until analysis. Thiol-disulfide homeostasis was measured as defined by Erel and Neselioglu. [7] Following the measurement of the native thiol, disulfide and total thiol amount, disulfide/native thiol percent ratio, disulfide/total thiol percent ratio, native thiol/total thiol percent ratio were calculated.
Definition of thiol-disulfide homeostasis parameters
Thiols are a class of organic compounds which contain a sulfhydryl group (-SH) consisting of a sulfur atom and a hydrogen atom. They exist in plasma as albumin and protein thiols and this pool is called native thiol. In case of oxidative stress, the sulfhydryl groups of the two thiol groups are joined to compose the disulfide bond. Thus, in case of oxidative stress, the amount of disulfide increases, while the native thiol decreases. The sum of the amount of native thiol and disulfide in the environment is called total thiol.
Statistical analysis
Statistical analysis was performed using the IBM SPSS version 21.0 software (IBM Corp., Armonk, NY, USA). Continuous variables were expressed in mean ± standard deviation (SD) and categorical variables were expressed in number and frequency. The Kolmogorov-Smirnov test was used to identify distribution of variables. In dependent groups, based on the normal distribution analysis of data, the paired samples t-test, Wilcoxon signed-rank test, repeated-measures analysis of variance (ANOVA) test, and Friedman test were used to examine the relationship between measured thiol-disulfide homeostasis parameters at different time points. The Pearson's correlation and Spearman's correlation coefficient tests were used to analyze any significant correlation between thiol-disulfide homeostasis parameters and total CPB time and X-clamp time. Development of PoAF and postoperative inotropic support requirement were evaluated using a logistic regression analysis. The receiver operating characteristic (ROC) curve was used for the prediction of PoAF development in patients undergoing isolated CABG. The area under the curve (AUC), sensitivity, and specificity were calculated to analyze the diagnostic value of thiol-disulfide homeostasis parameters. A p value of <0.05 was considered statistically significant.
RESULTS
Demographic and clinical characteristics of the patients are summarized in Table 1 . In total, PoAF developed in 21 patients (41.2%) during the postoperative period and standard medical cardioversion treatment was administered with amiodarone (5 mg/kg) for 30 min, followed by 900 mg/day. All patients were discharged with sinusoidal rhythm, except for three (5.9%). Twenty-six patients (51%) received inotropic support (5 to 10 µg/kg/min dopamine) within the postoperative first 24 h. At the end of the postoperative 48 h, no patient required any inotropic support. Also, we applied IABP to four patients (7.8%) and removed within postoperative first 48 h in all of these patients. No early mortality was observed within the postoperative first 30 days.
In the measurement time points (T1, T2, and T3), the changes in thiol-disulfide homeostasis parameters of the patients were compared, and it was observed that these changes were statistically significantly different from each other (p= 0.017 for disulfide and p<0.001 for other parameters; repeated measured-ANOVA, Friedman test) ( Table 2 ).
In the comparison between T1 and T2 measurements, statistically significant differences were observed in terms of all thiol-disulfide homeostasis parameters (p<0.001; paired samples test, Wilcoxon signed-rank test). However, only disulfide levels were not significantly different between the measures (p= 0.467; paired samples test) ( Table 2 ). For T2 and T3 measurements, statistically significant differences were found in terms of all thiol-disulfide homeostasis parameters (p= 0.015 for disulfide and p<0.001 for other parameters; paired samples test, Wilcoxon signed-rank test) ( Table 2 ). In the comparison between T2 and T3 measurements, Table 2 ).
In the correlation analysis, we found that there was a significant correlation only between the disulfide levels and X-clamp time (rp= 0.307, p= 0.029; Pearson correlation). Risk factors related to the development of PoAF were included in the univariate logistic regression analysis which showed that the PoAF was significantly correlated with hypertension (OR [odds ratio]=11,579, 95% CI [confidence interval]: 1,361-98,537, p= 0.025) and disulfide/native thiol percent ratio (OR=1,159, 95% CI: 1,023-1,314, p= 0.021), but was not correlated with another (Table 3 ). Similar to the results in the univariate analysis, hypertension (OR=10,442, 95% CI: 1.148-94.974, p= 0.037) and disulfide/native thiol percent ratio (OR=1,150, 95% CI: 1,005-1,315, p= 0.042) were identified as an independent predictor of PoAF after CABG surgery in the multivariate analysis (Table 3 ). In terms of inotropic support, in binary logistic regression analysis, we found that ejection fraction was an independent predictor (OR= 0.849, 95% CI: 0.765-0.941, p= 0.002) ( Table 4 ).
According to the measurements of the T2 period changes, the ROC curve analysis demonstrated that disulfide/native thiol percent ratio values of 13,713 or above could predict development of PoAF with a sensitivity of 66.7% and a specificity of 80% (AUC: 0.699, 95% CI: 0.544-0.854, log-rank p= 0.016), while native thiol levels of 101,800 or below could predict development PoAF with a sensitivity of 28.6% and a specificity of 66.7% (AUC: 0.321, 95% CI: 0.168-0.475, log-rank p=0.031) (Table 5, Figure 1 ).
DISCUSSION
Major targets of in vivo reactive oxygen species are protein thiols and for thiol-disulfide exchange is occured oxidative conversion of thiols into disulfides and reduction. Thiol-disulfide pool is the main factor of intracellular redox homeostasis and is necessary for both antioxidant defense and redox regulation of cell signaling. [8] The functional group of cysteine is a thiol group (SH) which able to undergo a wide array of modifications due to its chemical reactivity. Most of these modifications include the reversible oxidation of the thiol to sulfenic acid (SOH), and intra-and intermolecular disulfides between polypeptides and glutathione-polypeptide (glutathionylation). [9] Entire protein glutathionylation increases after ischemiareperfusion, and most of the glutathionylation events occur during the early reperfusion period. Therefore, disturbance in protein glutathionylation status may contribute to the etiology of cardiovascular diseases, such as myocardial infarction, cardiac hypertrophy, and atherosclerosis. [4] In this study, we found significant differences between measured thiol-disulfide homeostasis parameters at different time points of on-pump CABG. Binary logistic regression analysis revealed that T2-disulfide/native thiol ratio was an independent predictor of the development of PoAF. The T2-disulfide/native thiol ratio with a cut-off value of 13.713 or above for the prediction of development of PoAF was found with a sensitivity of 66.7% and a specificity of 80% in the ROC analysis. In addition, we observed a positive and significant correlation between the T2-disulfide levels and the X-clamp time.
During on-pump CABG with cardioplegic arrest, global ischemia occurs in the heart. This process is related with the systemic inflammatory response and oxygen-derived free radicals which may cause myocardial damage and many disorders. [10] The primary targets of ROS are the -SH groups of sulfur containing amino acids (i.e., cysteine, methionine) in proteins. The -SH groups are oxidized while in the same environment with ROS and form reversible disulfide bonds. This is the first indicator of radicalmediated protein oxidation. [11] Kundi et al. [12] found that there were significant positive correlations between peak troponin I levels and disulfide levels, and disulfide/native thiol and disulfide/total thiol ratios. In a recent study, Altiparmak et al. [13] found that native and total thiol levels significantly decreased in patients with critical coronary artery disease, and these reductions were significantly correlated with the severity of coronary artery disease. In addition, their results showed that decreased native thiol levels were independent predictors of coronary artery disease. In our study, in patients undergoing on-pump CABG, we measured the parameters of thiol-disulfide homeostasis in three different time points including pre-ischemia period (T1), ischemia period (T2) and post-ischemia period (T3). During the T2 period, thiol levels decreased, while the levels of disulfide increased; however, in the T3 period, when the ischemia ended, thiol levels increased (p<0.001), whereas disulfide levels decreased (p= 0.017) ( Table 2) . These changes were caused by the thiol-disulfide homeostasis in ischemic T2 period and the results were statistically significant. We found a positive and significant correlation between X-clamp time and increased disulfide levels in the correlation analysis (r= 0.307, p= 0.029). These findings are consistent with other studies with thiol-disulfide homeostasis and are the first results of thiol-disulfide homeostasis in on-pump CABG.
Cardiovascular risk factors such as hypertension, congestive heart failure, coronary artery disease, and diabetes are associated with AF and low-grade inflammation. Inflammation and oxidative stress appear to have an important role in the pathogenesis of AF in obesity and other metabolic disorders, such as diabetes. [14] Postoperative AF is a frequent complication emerging in the early postoperative period after CABG. Postoperative complications and hemodynamic changes may extend the healing process of patients. Recently, pathophysiological pathways involving the inflammatory and oxidative processes have been studied in the development of AF. [15] Numerous studies have shown that specific circulating inflammatory markers such as C-reactive protein (CRP) and interleukin (IL)-6 are associated with a higher risk of AF in the general population and in patients undergoing heart surgery. [16] Therefore, we evaluated the relationship between the parameters of the thiol-disulfide homeostasis in the ischemic T2 period with the PoAF and postoperative inotropic support requirement. In the univariate and multivariate logistic regression analyses, we found that disulfide/ native thiol ratio was an independent predictor of PoAF, but we found no statistical significance between this ratio and postoperative inotropic support requirement ( Table 3 , Table 4 ). In the ROC curve analysis, we found that native thiol levels, disulfide/native thiol ratio and disulfide levels are important in predicting PoAF development ( Table 5 , Figure 1 ). In the literature, we did not find any study about the relationship between the parameters of thiol-disulfide homeostasis and postoperative complications and the requirement for inotropic support after CABG. However, Bektas et al. [17] reported that thiol levels reduced in acute ischemic strokes and that thiol donors could reduce stroke-related neuronal damage and improve healing.
Apart from cardiovascular diseases, in many different diseases such as Alzheimer's disease, [18] cerebral ischemia, [19] COPD, [20] basal cell Ca, [21] and prediabet, [22] thiol-disulfide homeostasis as oxidative stress marker has been investigated, and the results obtained from these studies are consistent with our results. Ateş et al. [23] demonstrated that dynamic thioldisulfide homeostasis shifts toward disulfide formation as a result of thiol oxidation in patients with masked hypertension. In another study, disulfide levels were found to be increased in newly diagnosed hypertension patients. [24] In parallel to these studies, we found that the disulfide/native thiol ratio and the presence of hypertension were independent predictors of PoAF development after on-pump CABG surgery in the logistic regression analysis.
Nonetheless, our study has several limitations. First, the sample size was small with a single-center design. Second, there was no control group. Third, our aim was to investigate how thiol-disulfide homeostasis changed in the inflammatory and ischemia-reperfusion processes in different stages of on-pump CABG and that these changes had any effect on the postoperative period. However, we were unable to measure other antioxidant parameters such as ischemia-modified albumin, total antioxidant status, total oxidant status, and other oxidative stress markers.
In conclusion, cardiopulmonary bypass is an unfamiliar procedure for the body. Non-specific inflammatory response demonstrates its signs from the very first minutes of the procedure. An ischemiareperfusion process begins simultaneously with placing the cross-clamp on the aorta. A possible relationship between dynamic thiol-disulfide homeostasis and some cardiovascular diseases has been proposed. To the best of our knowledge, this study is the first clinical study in the English literature investigating dynamic thiol-disulfide homeostasis in patients undergoing on-pump coronary artery bypass grafting. In this study, we found that there were significant differences between the measured thiol-disulfide homeostasis parameters in different periods of on-pump surgery. T2-disulfide/native thiol ratio was an independent predictor of the development of postoperative atrial fibrillation. Deterioration of the balance in thiol/ disulfide homeostasis in favor of disulfide may provide information about the inflammatory response in on-pump coronary artery bypass grafting and damage due to ischemia-reperfusion process. However, further studies on treatment modalities for thiol-mediated decreased thiol and increased disulfide levels are still needed, particularly in patients with prolonged crossclamp period.
